Abstract: Longitudinal and transverse relaxation times are used to characterise the pore system of a natural Kaldenkirchen sandy loam. Here we present new results obtained by relaxometric imaging (MEMS) and two-dimensional T 1 -T 2 correlation relaxometry, and compare these with available T 1 -relaxation time distributions of water obtained by the analysis of fast field cycling relaxometry (FFC) data. The soil shows relatively broad bimodal distribution functions P(T 1 ) and P(T 2 ) with a T 1 /T 2 ratio of about 2:1. The average T 1 as well as the spatial distribution, which are obtained from the relaxometric imaging corresponds well to the relaxometric results. From the analysis of the field dependent FFC data at low field including T 1 data obtained at high field the basic locally averaged relaxation mechanism is derived from the dispersion curve, i.e. the dependence of the relaxation rate from the magnetic field strength over five orders of magnitudes. From this we conclude that two-dimensional diffusion at locally flat surfaces controls the relaxation, i.e. the shapes of the distribution functions are controlled by surface relaxation.
INTRODUCTION
Soils are natural porous media of highest importance for food production and maintenance of water resources. For these functions a prominent property is their ability to retain and transport water which is mainly controlled by pore size distribution. The latter is related to NMR relaxation times of the water molecules filling the pores, for which different measurement methods can be used. Most widespread are Carr Purcell Meiboom Gill (CPMG) for transverse relaxation and inversion or saturation recovery (IR, SR) for longitudinal relaxation (T 1 ) [1] . Besides this, T 1 can also be determined by Fast Field Cycling (FFC) [2] which allows investigations at variable field strength. Relaxometric methods can also be combined among themselves yielding correlation maps [3] or with imaging (MRI) leading to spatially resolved T 1 and T 2 times, which can also be analyzed statistically [4] [5] [6] [7] [8] [9] . Generally, imaging methods contain more information than relaxation methods, since imaging resolves the information in two or three dimensions which is especially important for heterogeneous samples such as natural soil. But this is often paid by increased noise and a much smaller number of data points.
The aim of this study is to investigate the multimodal nature of the relaxation distribution functions observed in relaxation experiments of macroscopic samples at low fields and to find an answer to the question whether or not they are caused by macroscopic structures like fractures or by the inherent microscopic heterogeneity. For this purpose we measure T 1 and T 2 maps by relaxometric imaging and twodimensional T 1 -T 2 correlation maps and compare them with *Address correspondence to this author at the ITMC, RWTH Aachen University, Worringer Weg 1, Aachen, Germany; Tel: +49(241) 80-264247; Fax: +49(241) 80-22185; E-mail: s.haber-pohlmeier@fz-juelich.de available data from fast field cycling relaxometry (FFC) experiments of a saturated natural sandy loam from Kaldenkirchen [10] . This will help in the future to better assess the information obtainable from magnetic resonance imaging which aims for understanding flow processes in natural soils.
MATERIAL AND METHODS

Sample Preparation
The Kaldenkirchen soil sample (73% sand, 23% silt, 4% clay, 0.25% Fe, 0.02% Mn, , 1% TOC) was sieved (<2mm) and filled, air-dry, into 9x100mm 2 quartz glass cuvettes which are closed at the bottom by a porous glass filter plate. The cuvettes were then centrifuged for 30 min at 3000rpm and finally wetted from the bottom for 48 h. The maximum water content was = 0.45. Then the sample was sealed and measured by fast field cycling NMR relaxometry (FFC) [10] , IR-CPMG, and imaged by a multislice-multiecho method (IR-MEMS).
Fast Field Cycling Relaxometry (FFC)
This method investigates the relaxation of an excited spin ensemble along the direction of the main magnetic field after a field jump [2] . The timing diagram is shown in Fig. (1) . At the beginning the system is in thermal equilibrium corresponding to B=B pol or B=0, respectively. Then the field strength is switched quickly to B rlx , but the spin ensemble does not follow instantaneously, i.e. the restoration of the new thermal equilibrium obeys a first order kinetic law with a characteristic relaxation time T 1 . The polarization state of the ensemble is probed after varying time intervals , during which the sample is left at the magnetic field strength B relax . This probing is performed by switching the magnetic field strength to B acq and subsequently applying a 90° radiofrequency pulse. The free induction decay (FID) following this pulse is recorded and analyzed off-line in order to obtain its amplitude, which is proportional to the magnetisation M z ( 
IR-MEMS NMR Imaging
The imaging experiments were performed on a 7T vertical bore magnet (Oxford Instruments, Oxford, UK), equipped with a Bruker (Karlsruhe, Germany) mini-imaging gradient set (G max =300 mT/m), a 38mm rf birdcage coil, and a Maran DRX console. The used imaging sequence was a inversion recovery multiecho multislice sequence (IR-MEMS), which allows spatially resolved simultaneous determination of T 1 and T 2 relaxation times. A simplified timing diagram is displayed in Fig. (2) . The basic idea of MEMS is a preparatory initial 180° pulse which inverts all magnetisation into -z direction. After a period t In during which longitudinal relaxation evolves, a 90° slice selective soft pulse is applied which is followed by a CPMG echo train for the T 2 determination. This is repeated for several different inversion time periods. Due to the additional switching of phase "ph" and read-out "ro" encoding gradients the complete inversion-recovery CPMG pulse sequence becomes spatially resolved [3] .
The signal intensity in each voxel obeys the following relation:
with the inversion time t In , the echo time t E , the number of echoes n, and the longitudinal and apparent transverse relaxation times, T 1 , and T 2,app . The transverse relaxation time T 2 is denoted as apparent since it comprises the true T 2 plus surface and diffusional effects. The prefactor F is theoreticcally 2, but in practice it should be fitted to the data in order to account for fast relaxation processes during the dead time of the receiver and effects of imperfect inversion pulses.
Since soils possess quite fast apparent transverse relaxation times, T 2,app , we used the shortest adjustable value of t E = 1.5 ms, which is paid by a relatively high slice thickness of 3mm. Further parameters were 0.009s < t In < 1 s, t R = 1.8s, FOV = 64x32 (32 x 16mm), and 14 axial slices scanned in interleaved mode. Original data S(x,y,z,t In ,nt E ) obtained for each voxel were fitted by Eq. 2, yielding maps (2D representations for chosen slices) of the physical quantities S 0 , T 1 , and T 2,app .
T 1 -T 2 Correlation
The relation between longitudinal and transverse relaxation times can also be combined in a T 1 -T 2 single NMR relaxation experiment. This is the non-spatially resolved version of IR-MEMS imaging and for the data analysis also Eq. 2 is valid. We have applied this method on the Kaldenkirchen soil sample described above in a 24 MHz Halbach low field scanner operated by a Stelar PC-NMR console (Stelar, Mede, Italy). t E = 0.3ms, n = 512, 0.001s < t In < 1s. The data are analyzed by 2D inverse Laplace transformation using Eq. (1) as kernel for Eq. (2):
is the unknown distribution function, the terms in brackets constitute the kernel, t In is the inversion time, t E is the echo time, n is the number of echoes, and err is an unknown error term [3, 11] . transverse relaxation times due to small pore sizes and high content of paramagnetic ions [12] . The soil shows T 1 in the range of about 50 ms and T 2 of about 3 ms. Some spots with faster (green) and slower T 1 relaxation times (violet-white) are also present in the sample, especially near the top. T 2 appears more homogeneously. The long T 1 values in the top layer are caused by the somewhat smaller local packing density corresponding to larger pores. From the T 1 and T 2 maps relaxation time distributions are extracted by calculation of histograms of the populations of relaxation times in the soil, excluding the porous plate layer (Fig. 4) . T 2 shows a comparably narrow distribution in the range between 1 and 8 ms, with an average of 2 ms. But also voxels with higher T 2 (10 to 20 ms) exist, which are located near the edges. This is most probably due to packing faults at the soil-wall interface, where pores are larger. Also T 1 in these regions is longer. These effects may be interpreted by the Brownstein-Tarr model [13] , which relates 1/T 1,2 to the inverse pore size parameter Surface/Volume S/V, see Eq. 3 [10] . Fig. (4) . T 1 (red) and T 2 (blue) histograms of the maps in Fig. (3) .
RESULTS
Fig. (3) shows
T 1 shows a bimodal distribution, with a sharp peak at 7 ms and a broad mode between 10 and 300 ms. The sharp peak is near the shortest inversion time, and therefore must be interpreted with caution. It comprises all longitudinal relaxation processes faster than 10 ms, which are present, but not further resolved. The main mode is approximately lognormal distributed with T 1,mean = 80 ms and a half width of log (T 1 ) = 0.3. T 2 depends strongly on t E , so this is hard to compare. However, the reported relaxation times are in the range reported by Hall et al. [12] for several soils, e.g. Korkusova Hut sandy loam which has comparable texture with T 2 = 0.9 ms for t E =1ms and t 1 = 90 ms at 40% saturation. It should be noted that Votrubova et al. [5] found for saturated soil also by statistical analysis of T 1 maps an average T 1 of 600 ms with a broad distribution over one order of magnitude. Issa et al. calculated T 1 relaxation time distributions for rocks in the same range [4] . Also a forest soil [14] with comparable texture shows similar relaxation times (5 and 45 ms at t E = 0.3ms). The T 1 relaxation has been further investigated at lower Larmor frequencies between 5 kHz and 20 MHz by the FFC method. Fig. (6) . Clearly distinguishable are three processes: A broad main mode with average T 1 of 70 ms, which is accompanied by a faster relaxing component at about 10ms. Additionally, a small but very fast component at 2 ms is observed. Note that the limit of the shortest detectable T 1 component in the FFC experiments is about 1 ms. All modes shift simultaneously to faster times with decreasing Larmor frequency. The data have already been analyzed further in terms of pore size distribution [10] , where we found that the distribution of T 1 between 10 and 200 ms corresponds to pore sizes between one and some tens of microns using the Brownstein-Tarr model, see below. Here we include results from the high-field measurement into the analysis. The mean relaxation times for the main mode from FFC and MEMS measurements are plotted in Fig. (7) . All data including the result at 300 MHz lie on one line. This indicates that the dis- persive behaviour follows the same frequency dependence in the whole observed range. The comparably weak dispersion and the linear relation between 1/T 1 and the logarithm of the Larmor frequency H indicates that the surface relaxation mechanism is controlled by local 2D diffusion processes at the pore walls [15] . (Fig. 6 ) and MEMS T 1 map (Fig. (4) ) (modified, from [10] ).
Finally, the results are compared to a T 1 -T 2 correlation experiment at H = 24.3 MHz which is the non-spatially resolved version of the IR-MEMS experiment. The result is shown in Fig. (8) . On the right facing axis labelled "nt E " CPMG echoes are plotted, and the second, left facing axis, labelled "t In ", contains the different t In values. The diagram should be read as an array of CPMG curves as a function of increasing inversion times t In , during which T 1 relaxation evolves. The data are further analyzed by 2D inverse Laplace transformation using the program of Y.-Q. Song [3] . Fig. (9) shows bimodal distributions for both T 1 and T 2 which indicates two distinct pore size classes. The low amplitude spots at the limits of the inversion range are due to noise in the experimental data. The maxima for T 1 are at 20 and 90 ms and they correspond well to the FFC data for 20 MHz and the IR-MEMS data at 300 MHz (Fig. (7) ). The main transverse relaxation modes at 9 and 50 ms are much slower than the T 2 modes identified at 300 MHz. As the echo time is much shorter at low field and the internal gradients are higher at high field this may be explained by the effect of molecular diffusion at high field. With decreasing T 1 (corresponding to decreasing pore sizes) the 2D distribution function shows an increasing ratio T 1 /T 2 from two to three. These ratios agree well with several data obtained for porous media like rocks [16] and cements [17] and with theoretical considerations [17, 18] . An important observation is the lack of any detectable cross-peak contribution. A cross peak would indicate that for a give value 
of T 1 two or more values of T 2 exist indicating multiple transverse relaxation mechanisms, so that T 2 is affected also by parameters other than pore size.
The general way to transform T 1 and T 2 distribution functions into pore sizes is the scaling by means of the Brownstein-Tarr equation:
incorporating an average surface relaxivity parameter 1, 2 , which on its side is obtained from the average T 1 , or T 2 . This is obtained from the average surface/volume ratio S/V = 8300 cm -1 (from BET measurements, see [10] ) as 1 = 0.0023 cm s -1 . 2 depends on t E , we obtained 2 = 0.0063 cm s -1 for the conditions of this investigation. Using these data the results from the 2D experiment in Fig. (9) can be recalculated into pore size distributions, shown in Fig. (10) . The curves agree very well, although that obtained from T 2 is somehow broader. Fig. (9) . The relaxation times were rescaled to pore size distributions by means of the Brownstein-Tarr equation, the average S/V ratio from BET measurements [5] , and assuming the capillary tube model.
The T 2 distribution obtained from imaging experiments is restricted due to t E . A larger fraction of water in small pores relaxes during the first t E period; a rescaling of T 2 distribution is meaningless, since it is strongly affected by internal gradients. One only can estimate the pore size limit, below which water is not detectable by MRI with these settings. With T 2,av = 2 ms, one obtains 2,300 MHz = 0.06 cm s -1 . Choosing T 2 = t E for the limiting value, one obtains d limit = 4V/S = 4 2 /(1/T 2,limit -1/T 2,bulk ) 4 μm, assuming cylindrical pores. Please note also that this pore size limit corresponds to about the fast mode. A similar estimation for T 1 yields 1,300 MHz = 0.0017 cm s -1 corresponding to a lower pore size limit of about 0.5 μm, if one uses a fastest detectable longitudinal relaxation time of 0.008s.
CONCLUSIONS
Kaldenkirchen sandy loam shows broad bimodal distribution functions of the longitudinal relaxation times T 1 over a large range of Larmor frequencies. A further very fast mode at around 2 ms is present but not well resolved. This short component probably corresponds to the clay components and represents strongly confined water in this phase. Similar short values have already been found in a different clayey soil [10] . The slow modes of T 1 at low magnetic fields correspond to the slow mode observed spatially resolved at high field (300 MHz). These modes are due to the relaxation in pores with a size in the range between 1 to some tens microns. The two slow modes (10 and 80 ms) are logarithmically dependent on the Larmor-frequency in the low field range and this continues for the slowest mode at high field of 300 MHz. According to Korb [15] this linear dependence on the logarithm of the Larmor frequency is interpreted as locally two-dimensional diffusion, where the basic relaxation mechanism is dipole-dipole interaction of water molecules with paramagnetic centres at the pore walls.
The spatially resolved relaxometric imaging method IR-MEMS generally yields additional information to the relaxometric measurements, although with inferior signal/noise ratio. This is mainly due to the smaller volumes over which the signal is integrated, i.e. a single voxel rather than the whole sample. The validity of the data is proven by the agreement between the average values from T 1 maps with T 1 determined relaxometrically. But T 1 -mapping reveals structures which possess locally higher T 1 values in regions near the walls as well as near the top surface, i.e. the local pores are larger. This is due to packing faults near the walls and near the surface which are unavoidable for such natural samples.
The texture of the soil is finer than 2mm, no large grains are present, but aggregates of course. Water may penetrate into these aggregates, and contribute to the relaxation. The usage of 9 mm cuvettes and repacking the soil will definitely change the size of interaggregate pores. However, such pores are mainly macropores. So the macroporous structure of the soil will be changed due to the preparation and sample size. The meso-and microporous structures will be affected much less, so the relaxation time and pore size distributions reflect mainly this meso-and microporous structure, which are most responsible for the water storage of the soil, since the macropores are emptied firstly.
This study shows that T 1 mapping is a valuable tool for upcoming investigations of local pore size distributions in natural, i.e. undisturbed, soil cores for e.g. detection of preferential flow paths.
